A one-pot dilithiation-lithium-zinc exchangeNegishi coupling approach to 2,6-di(hetero)aryl substituted dithienothiazines -a novel class of electronically fine-tunable redox systems † ‡ Catherine Dostert and Thomas J. J. Müller* 2,6-Di(hetero)aryl and 2-(hetero)aryl substituted dithienothiazines are prepared from N-aryl dithienothiazines by a lithiation-lithium-zinc exchange-Negishi cross-coupling sequence with (hetero)aryl iodides in a one-pot fashion in good to excellent yields. These novel extended π-electron systems can be reversibly oxidized and fine-tuned in their electronic properties as supported by cyclo voltammetric, and absorption and emission spectroscopic studies.
Introduction
Over the past few years, interest in electroactive organic molecules as functional π-systems 1 has enormously increased due to important potential technological applications ranging from organic light-emitting diodes 2 over organic photovoltaic devices 3 to organic field-effect transistors. 4 The main advantages of using organic materials are their low production costs, favorable properties such as flexibility, transparency and light weight, tunability of their properties, and their good processability. 5 As a consequence, the exploration of novel semiconducting molecular materials has become an ongoing challenge to synthetic organic chemistry. Moreover, small redox-active molecules can be considered as molecular wires 6 and, therefore, open new alleys to unimolecular electronics. 7 Recently we presented 4H-dithieno[2,3-b:3′,2′-e] [1, 4] thiazines, congeners to the well-established class of phenothiazines, as novel electronrich organic π-systems (Scheme 1). 8 As a consequence of their unique electronic properties showing two reversible oxidations with Nernstian behavior at low oxidation potentials, dithienothiazines qualify, in principle, well for use as conducting materials or as a donor component in donor-acceptor conjugates.
For potential applications, functionalization of the heterocyclic core represents a key step and major challenge. Most interestingly, the thiophene anellation offers an easy entry to thiophene characteristic transformations, such as lithiation at the α-positions with respect to the sulfur atom, 9 which is also suitable for sequential one-pot processes. 10 This concept was very successfully transposed to the 2,6-difunctionalization of N-substituted dithienothiazines via a dilithiation-electrophilic trapping sequence. 11 Therefore, a one-pot dilithiation-crosscoupling strategy to 2,6-di(hetero)aryl substituted dithienothiazines lies at hand. Here, we report a consecutive one-pot dilithiation-transmetallation-Negishi coupling sequence to 2,6-di(hetero)aryl substituted dithienothiazines and 2-(hetero)-aryl substituted dithienothiazines and the elucidation of their electronic properties by cyclic voltammetry, absorption and emission spectroscopy, and DFT calculations.
Results and discussion

Synthesis and structure
Interestingly, the electrophile addition to 2,6-dilithio dithienothiazine 11 opens up rapid access to highly reactive organo- C NMR spectra, UV/Vis and fluorescence spectra of compounds 5, 6, 7, and 8; computed xyzcoordinates of the S 0 state of the pyrazoles 5c, 6d, and 8b, computed UV/Vis spectra of TD-DFT calculated structures of 5c, 6d, and 8b, and computed xyzcoordinates of the S 1 state of pyrazole 6d. See DOI: 10.1039/c5qo00046g
The twofold lithiation of N-[4-(n-hexyl)phenyl] 4H-dithieno-[2,3-b:3′,2′-e] [1, 4] thiazine (1) with a slight excess of n-BuLi-TMEDA (N,N,N′,N′-tetramethylethylenediamine) at −78°C was ensured by reverse addition 13 of dithienothiazine 1 to a precooled solution of n-BuLi-TMEDA (Scheme 2). Addition of freshly dried zinc bromide to the 2,6-dilithio dithienothiazine 4 furnished the organozinc bromide species 5. The subsequent addition of (hetero)aryl iodides 2 and a catalytic amount of Pd(PPh 3 ) 4 gave rise to the twofold Negishi cross-coupling as a terminating step of this one-pot process, furnishing, after workup and flash chromatography on silica gel, 2,6-di(hetero)-aryl substituted dithienothiazines 3 in moderate to excellent yields ( Table 1) . The structures of all compounds 3 have been unambiguously assigned by spectroscopy (NMR, IR, and MS) and elemental analysis or HRMS. In the NMR spectra, expectedly, characteristic single sets of signals are found for the methine proton singlets around δ 6.2-6.6 and methine carbon nuclei at δ 115-120 of the central dithienothiazine cores. The synthesis proceeds smoothly with a variety of aromatic (2a-j) and heteroaromatic iodides (2k and 2l), and the substituents can be electron donating (2a, 2b), electro-neutral (2c), and electron withdrawing substituents (2d-g). Moreover, it is remarkable that the sequence can be conducted with nearly equistoichiometric amounts of reagents to give the targeted structures with excellent efficiency.
Likewise we probed the synthesis of 2-(hetero)aryl substituted dithienothiazines 6 in three representative examples by employing equimolar amounts of reagents. With this adapted stoichiometry under dropwise addition of n-BuLi to a THF solution of 1 and TMEDA, the intermediacy of a monolithiated specimen furnished after workup and chromatography 2-(hetero)aryl substituted dithienothiazines 6 in moderate to good yields (Scheme 3) and the structures of these monosubstituted derivatives 6 have been unambiguously assigned by spectroscopy (NMR, IR, MS) and elemental analysis or HRMS. The lower symmetry of the structures 6 in comparison with the disubstituted derivatives 3 manifests in the appearance of three distinct methine signals, two as doublets at δ 6.1 and 7.15 with coupling constants J = 5.5 Hz and one as singlets between δ 6.2 and 6.6 in the proton NMR spectra, and three resonances for the methine carbon nuclei of the central dithienothiazine cores between δ 116 and 125 in the 13 C NMR spectra. The structure of the symmetrically disubstituted dithienothiazines 3 was additionally corroborated by studying the DFT-optimized geometries 14 (B3LYP functional 15 and 6-311G* 16 basis set) for the parent compound 1 and selected derivatives of 3, where the n-hexyl substituent has been truncated to an ethyl group for reducing the computational time ( Table 2 ). The para-ethylphenyl substituent on the thiazine core was always oriented in a quasi-axial configuration to ensure global energy minima of the computed structures. The influence of the substituents at positions 2 and 6 on the central 1,4-thiazine folding angle and the thienyl-aryl torsional dihedral angle was studied for electron-releasing (structure Scheme 2 One-pot synthesis of 2,6-di(hetero)aryl substituted dithienothiazines 3 by dilithiation-transmetalation-Negishi coupling sequence.
Scheme 3 One-pot synthesis of 2-(hetero)aryl substituted dithienothiazines 6 by monolithiation-transmetalation-Negishi coupling sequence. 3a), electroneutral (structure 3c), electron-withdrawing (structure 3g), and electron-withdrawing para-(structure 3h), meta-(structure 3i), and ortho-substituents (structure 3j). While the central 1,4-thiazine folding angle lies in a narrow margin between 140.2 and 141.1°the thienyl-aryl torsional dihedral angle is diminished to 28°for remote electron-withdrawing substituents (structures 3g-i) in contrast to 30°( structure 3a) and 33°(structure 3c) for electron-releasing and electroneutral substituents. For the former a more efficient overlap of the π-systems can be expected in the electronic ground state. Expectedly, an ortho-nitrophenyl substituent (structure 3j) results in a torsion of 60°from coplanarity.
Electronic properties
The electronic properties of 2,6-di(hetero)aryl substituted dithienothiazines 3 and 2-(hetero)aryl substituted dithienothiazines 6 were experimentally investigated by cyclic voltammetry and by absorption and emission spectroscopy (Table 3) , and for elucidating the electronic structure, DFT and TDDFT calculations were performed for selected molecular structures.
The first oxidation E 0/+1 1/2 of 2,6-di(hetero)aryl substituted dithienothiazines 3 and 2-(hetero)aryl substituted dithienothiazines 6 are found between 270 and 500 mV, while the second oxidations E +1/+2 1/2 from the radical cations to the dications occur between 1000 and 1250 mV. With the exception of compounds 3k and 6c all other 2,6-di(hetero)aryl substituted dithienothiazines 3 and 2-(hetero)aryl substituted dithienothiazines 6 show two clearly separated reversible oxidation waves with Nernstian behavior (Fig. 1) .
Interestingly, the oxidation potentials in the series of the 2,6-diaryl substituted dithienothiazines 3a-3i vary with the electronic nature of the substituent. This strong dependence of the reversible first and second oxidation potentials on the electronic substituent effect is shown in a good linear correlation with the Hammett σ p or σ m substitution parameters In contrast to the synthesized structures 1 and 3 the n-hexyl substituent has been truncated to an ethyl group. Table 3 Selected electronic properties (absorption and emission data, Stokes shift Δν, oxidation potentials, and semiquinone formation constant K SEM ) of dithienothiazine 1, 2,6-di(hetero)aryl and 2-(hetero)aryl substituted dithienothiazines 3 and 6
Compound
Absorption maxima λ max,abs
Stokes-shift Δν c [cm The electrochemistry of the 2,6-di( phenothiazine-3-yl) substituted dithienothiazine 3l is more complicated because phenothiazinyl substituents are additionally redox-active. In this case three distinctly separated, reversible oxidations appear in the cyclic voltammogram. The first and third oxidations at E 0/+1 0 = 290 mV and E +3/+4 0 = 1090 mV clearly show Nernstian behavior, but the second oxidation at E +1/+3 0 = 840 mV reveals a large difference ΔE 1/2 = 112 mV for anodic and cathodic peak potentials with an overall increased intensity of the current density. Therefore, the first and third one-electron oxidations can be assigned as dithienothiazinyl centered oxidation events, whereas the second oxidation rather represents two simultaneously occurring phenothiazinyl centered oxidations as quasi-reversible events.
In addition, the differences between the first and second oxidations are relatively large and indicate considerable stability of the electrochemically generated radical cations The absorption spectra of all 2,6-di(hetero)aryl substituted dithienothiazines 3 reveal similar absorption characteristics. An intense absorption band appears around 300 nm and the less intensive longest wavelength absorption is found in a range from 367 to 525 nm (Fig. 3 ). In comparison with the 2,6-unsubstituted mother compound 1 (λ max,abs = 318 nm) the red shift of the longest wavelength absorption bands of the 2,6-di(hetero)aryl substituted derivatives 3 accounts for extended π-electron systems.
The absorption behavior can be plausibly rationalized by a TD-DFT calculation [14] [15] [16] of compound 3f, where the n-hexyl substituent has been truncated to an ethyl group for reducing the computational time. The experimental UV/vis spectrum of 3f is nicely reproduced by the computation (Fig. 4) . While the longest wavelength absorption maximum at 455 nm consists of a 48% contribution of the HOMO-LUMO transition, the strongest absorption band at around 315 nm consists of a 43% contribution from a HOMO-LUMO+2 transition and the shoulder at 350 nm arises from 40% contribution from the HOMO−1-LUMO transition. In addition, the Kohn-Sham frontier molecular orbitals of 3f, i.e. HOMO and LUMO (Fig. 5) , which are predominantly involved in constituting the longest wavelength absorption band, display considerable coefficient densities in the central N-aryl dithienothiazine core in the HOMO and in the 2-and 6-aryl substituents in the LUMO. Thereby this transition is accompanied by a considerable charge transfer character from the central donor moiety to the outer acceptor units. Furthermore the considerable charge transfer character of the longest wavelength absorption band becomes qualitatively apparent for naked eyes by comparing the bathochromic shift of the color of equimolar dichloromethane solutions of compounds 3c-h with increasing acceptor strength under daylight (Fig. 6) .
This observation can be additionally quantified by a good linear correlation of the longest wavelength absorption maxima of compounds 3a-h with the Hammett substitution parameter 17 σ p − (R 2 = 0.942) (Fig. 7) , whereby σ p − indicates the immediate influence of the resonance stabilization of negative charges by mesomeric and inductive substituents. While the absorption characteristics of 2-(hetero)aryl substituted dithienothiazines 6 indicate three distinct absorption bands, the UV/vis spectrum of 2,6-di( phenothiazine-3-yl) substituted dithienothiazine 3l shows multiple absorption bands and shoulders, indicating the behavior of an extended π-electron system rather than a simple additive behavior of the underlying subchromophores.
Finally, among the 2,6-di(hetero)aryl substituted and 2-(hetero)aryl substituted dithienothiazines 3 and 6 the most peculiar electronic feature is reflected that in contrast to many dithienothiazines, which are essentially nonluminescent (see also Table 3) , 8, 11 the four derivatives show intense luminescence at 560 nm (3k), 497 nm (3l), 569 nm (6b), and 606 nm (6c) with broad unstructured emission bands and large Stokes shifts (Fig. 8) . 
Conclusions
The hitherto unknown classes of 2,6-di(hetero)aryl and 2-(hetero)aryl substituted dithienothiazines are readily accessible from N-aryl dithienothiazines by lithiation, lithiumzinc exchange, and subsequent Negishi cross-coupling with (hetero)aryl iodides in good to excellent yields and in a one-pot fashion. The title compounds possess an extended π-electron conjugation and display characteristic electronic features. While the electronic ground state properties, investigated by cyclic voltammetry and UV/vis spectroscopy, indicate a strong influence of the remote substituents that can be semiquantitatively treated by excellent Hammett's linear free enthalpy correlations with σ p (oxidation potentials) and σ p − (λ max,abs ), luminescence as an excited state characteristic is only found for four derivatives with characteristic heterocyclic substitution. In principle this emission behavior is unusual for N-aryl dithienothiazines, but it establishes a novel class of redox active lumophores. The rapid access of 2,6-di(hetero)aryl dithienothiazines with remote substitution furnishing tunable electronic properties renders this class of electron rich reversible multistep redox systems highly intriguing as potential hole conductor materials. Further studies exploiting this expedient synthetic strategy to functional dithienothiazines are currently underway.
Experimental
Synthetic procedures
General procedure for the dilithiation-Negishi coupling synthesis of 2,6-di(hetero)aryl dithienothiazines 3 (GP1). Dry THF (3 mL) and dry TMEDA (0.17 mL, 1.2 mmol) were placed in a 50 mL Schlenk flask under nitrogen. Then, the solution was cooled to −78°C (dry ice/acetone) and 1.6 M n-BuLi in hexane (0.72 mL, 1.2 mmol) was added dropwise to the solution. 4-(4-n-Hexylphenyl)-4H-dithieno[2,3-b:3′,2′-e][1,4]-thiazine (1) (186 mg, 0.50 mmol) was added to this solution and the reaction mixture was stirred at −78°C for 2 h. In the meantime a solution of freshly dried zinc bromide (300 mg, 1.33 mmol) in dry THF (1.5 mL) was prepared which was added dropwise using a syringe to the reaction mixture at −78°C. After stirring at −78°C for 30 min, palladium tetrakis(triphenylphosphane) (47 mg, 8 mol%) and 2.2 equiv. of the (hetero)aryl iodide 2 (1.1 mmol) were successively added to the reaction mixture (for experimental details see Table 4 ). The reaction mixture was allowed to come to room temperature upon stirring for 12-14 h. Then, a mixture of deionized water (20 mL) and dichloromethane (20 mL) was added, the organic layer was separated and the aqueous phase was extracted with dichloromethane (3 × 20 mL). The combined organic layers were dried with anhydrous magnesium sulfate and the solvents were removed in vacuo. The crude product was purified by flash chromatography on silica gel (eluent containing 2% of triethylamine) under nitrogen to give the pure products 3. Further purification could be achieved by fractional crystallization.
4-(4-n-Hexylphenyl)-2,6-bis(4-methoxyphenyl)-4H-dithieno[2,3-b:3′,2′-e][1,4]thiazine (3a)
. According to the GP1 and after flash chromatography on silica gel (n-hexane-ethyl acetate 20 : 1 with 2% of triethylamine) and after crystallization from ethanol-ethyl acetate (1 : 1), compound 3a (189 mg, 65%) was obtained as yellow needles. [1, 4] thiazine (3f ). According to the GP1 and after flash chromatography on silica gel (n-hexane with 2% of triethylamine) and after crystallization from n-hexane-ethyl acetate, compound 3f (313 mg, 95%) was obtained as fine coral red crystals.
R f (n-hexane): 0. [1, 4] thiazine (3h). According to the GP1 and after flash chromatography on silica gel (n-hexane-dichloromethane 10 : 3 with 2% of triethylamine) and after crystallization from dichloromethane-n-hexane, compound 3h (241 mg, 78%) was obtained as a dark violet powder.
R f (n-hexane-dichloromethane 10 : Hexylphenyl)-2-(thiophen-2-yl)-4H-dithieno[2,3-b:3′,2′ -e]- [1, 4] thiazine (6b). According to the GP2 and after flash chromatography on silica gel (n-hexane with 2% of triethylamine), compound 6b (138 mg, 61%) was obtained as a pale orange oil.
4-(4-
R f (n-hexane): 0. 
